Abstract Raspberry-like Fe 3 O 4 @yeast composite microspheres, whose properties integrate the biosorption features of yeast cells with the excellent magnetic and catalytic properties of Fe 3 O 4 nanoparticles, were synthesized by a simple electrostatic-interaction-driven self-assembly heterocoagulation. They were successfully applied in an up-flow packed column for the removal of the model water contaminant methylene blue dye (MB) by consecutive bioadsorption-heterogeneous Fenton oxidation cycles. The as-synthesized Fe 3 O 4 @yeast composites were characterized by field emission scanning electron microscopy, energy-dispersive spectroscopy (EDS), powder X-ray diffraction and Fourier transform infrared spectroscopy. The adsorption process was controlled by the electrostatic interactions between the adsorbent and contaminant. The adsorbent is suitable for the adsorption of positively charged compounds at mildly acidic pH, neutral and alkaline pH, with the highest performance observed at alkaline pH. The experimental breakthrough curves measured at different influent MB concentration, flow rate, bed height and pH were modeled by the Yoon-Nelson model. 
Introduction
Organic azo dyes represent more than half of all coloring compounds used by the world textile industry. It has been estimated that 15 % of this is released into the environment without an appropriate treatment [1] . Organic azo dyes in wastewater have been classified as priority pollutants particularly owing to the toxicity of their microbial metabolites, which can be mutagenic, genotoxic and carcinogenic [2] . Traditional physico-chemical treatment techniques such as absorption, oxidization, and flotation are usually ineffective to treat low azo dyes concentrations [3] . Biological materials such as microorganisms (including bacteria, fungi, and algae) [4] and biomass can remove a broad range of azo dyes [5, 6] . However, an efficient and sustainable method for pollution abatement that uses biosorbents requires the regeneration and reuse of the sorbent, the destruction of the sorbed/desorbed pollutants, and the safe disposal of the sorbent to the environment. Yeast is an effective biosorbent [7] which meets several green requirements for large-scale pollutant removal including, high selectivity, efficiency, cost-effectiveness, availability and biocompatibility.
Heterogeneous Fenton processes are powerful methods for the destruction of azo dyes in aqueous solutions [8] [9] [10] , especially, those catalyzed by nanosized magnetite (Fe 3 O 4 ) particles [11] [12] [13] . In this system, the octahedral site of the magnetite structure can easily accommodate both Fe 2? and Fe 3? , allowing the Fe species to be reversibly oxidized and reduced producing ÁOH radicals when in the presence of H 2 O 2 [14, 15] . Furthermore, Fe 3 O 4 nanoparticles can be easily separated from the reaction system by a simple magnetic separation procedure.
The treatment of contaminated streams by Fenton oxidation with slurry suspensions of Fe 3 O 4 can be inefficient since uses it large volumes of reagents/catalyst, the water matrix can inefficiently consume ÁOH radicals and large contact times are often required. In contrast, the efficiency of the heterogeneous Fenton process for the treatment of wastewater can be increased significantly by applying an enrichment or pre-concentration sorption method prior to the oxidation of the contaminants by the Fenton process on immobilized magnetite.
The combination of an inorganic catalyst with a biological sorbent into hybrid or composite material is attracting increasing attention as it enables new functional properties, which are not possible in their starting components. For example, a new class of complex nano-structured hybrid microspheres with a raspberry-like structure can provide a unique micro/nano-environment which has found new applications in the material, chemical, medical and environmental sectors [16] [17] [18] [19] [20] . Bai et al. have synthesized novel raspberry-like TiO 2 @yeast composites, which were effective photocatalysts for the degradation of dyes [21] . The raspberry shape provided larger surface area of the supported catalyst. However, such materials required the use of UV light photons, which restrict their technological development.
In this study, we investigate a new composite material, made of raspberry-like Fe 3 O 4 @yeast microspheres that integrate the biosorption features of yeast cells with the excellent magnetic and catalytic properties of Fe 3 O 4 nanoparticles, and its application for the effective removal of contaminants from wastewater by consecutive biosorption and heterogeneous Fenton oxidation/regeneration cycles. In this new material, the traditional magnetic Fe 3 O 4 nano-particles were anchored on the yeast surface by an electrostatic self-assembly process that produced a heterogeneous Fenton catalyst with a unique raspberry-like microstructure. The effectiveness of the raspberry-like Fe 3 O 4 @yeast composite microspheres for the removal of the cationic dye methylene blue (MB), a model compound used in the standardization of degradation experiments (e.g., ISO 10678:2010), was investigated in a continuous, up-flow, fixed-bed column system. The modeling of the adsorption phenomena and breakthrough profiles allowed the prediction of the breakthrough time after which the in situ regeneration of the composite material and the decomposition of MB was triggered through the heterogeneous Fenton reaction catalyzed by the Fe 3 O 4 nanoparticles. The robustness of the composite catalytic biosorbent was assessed for multiple adsorption/regeneration cycles.
Materials and methods

Materials
All chemicals used were of analytical grade and used without further purification. @yeast microspheres were produced via electrostatic self-assembly. The products were collected with a magnet, washed with distilled water and ethanol three times, and then dried at 80°C for further use.
Material characterization
The particle size and surface morphology of the samples were observed by a Philips XL 30 field emission scanning electron microscope (FE-SEM). The elemental composition of the composite microspheres was determined with the energydispersive spectroscopy (EDS) of the FE-SEM. The crystallographic structures of the samples were identified by powder X-ray diffraction (XRD) using Cu K a radiation (k = 0.15418 nm) at a scanning rate of 0.02°/min. Fourier transform infrared (FT-IR) spectra of samples were recorded on a Bio-Rad FTS135 spectrometer in the range 500-4000 cm -1 using a KBr wafer technique, to study the formation and ripening mechanism of the samples.
Up-flow fixed-bed adsorption experiments
The adsorption and regeneration performance of the Fe 3 O 4 @yeast composites was investigated in up-flow fixed-bed columns made from glass (12 cm high, 0.8 cm internal diameter) operated in continuous flow. A stock solution of MB (1000 mg/L) was prepared and further diluted to the required feed concentration in each experiment. The effect of the influent concentration (100, 150 and 200 mg/L), flow rate (5, 10, and 15 mL/min), bed depth (1.2, 2.4 and 3.6 cm, corresponding to 0.1, 0.2 and 0.3 g of adsorbent) and pH (3, 5, 7, 9, 11) on the removal of MB in the columns was investigated. The pH of the dye solutions was adjusted by adding NaOH and H 2 SO 4 . Samples collected from the inlet/outlet of the columns at regular intervals were analyzed using a Jenway 6405 UV-vis spectrophotometer at 664 nm. All of the experiments were performed in triplicate and at room temperature.
Regeneration experiment
After each adsorption cycle, the exhausted column bed was rinsed by flowing 100 mL double deionized water in the upward direction at the same flow rate used during the adsorption cycle. Then the in situ regeneration of the Fe 3 O 4 @yeast bed was triggered by flowing a 10 % H 2 O 2 aqueous solution through the column bed in the upward direction at a flow rate of 1 mL/min for 1 h. The column was finally rinsed with double deionized water to remove the residual H 2 O 2 . After the completion of regeneration procedure, the bed was reused for the next adsorptionregeneration cycle, up to three consecutive cycles.
Results and discussion
Characterization and mechanism (110), (220), (311), (222), (400), (422), (511) and (440) The bonding forces acting between the nanoparticles and the yeast were investigated by FT-IR (Fig. 3) . The broad and intense peaks in the region from 550 to 650 cm -1 of the Fe 3 O 4 nanoparticles (Fig. 3a) are assigned to the Fe-O band. The peaks at around 3300-3700 cm -1 and 1384 cm -1 belong to OH stretching vibrations and to the H-O-H bending band, suggesting that H 2 O molecules adsorbed on the surface of Fe 3 O 4 [28] . The additional broad peaks at 3340, 1461, 1360, 1074 and 894 cm -1 may result from residual hydrazine hydrate remaining from the synthesis process. Regarding the yeast (Fig. 3b) , the broad and intense peaks at 3292, 2926, 1641, 1384 and 1074 cm -1 are assigned to the N-H stretching and bending vibration, the CH 2 asymmetric and symmetric stretching vibration, the amide group, C=O stretching vibration, and the P=O stretching vibration [29] [30] [31] . In the Fe 3 O 4 @yeast spectra (Fig. 3c) (Fig S4a in SI) . After the synthesis of Fe 3 O 4 nanoparticles by the hydrothermal route, the attachments of the nanoparticles onto the surface of yeast is driven by the electrostatic-interaction, self-assembly heterocoagulation between yeast cores and satellite Fe 3 O 4 nanoparticles. Specifically, at the synthesis pH of 5, the Fe 3 O 4 nanoparticles are positively charged (pH iep 6.5, [32] ) and the yeast is negatively charged (pH iep 3.0, [33] ). Therefore, the opposite zeta potentials of Fe 3 O 4 nanoparticles and yeast in the range of pH 3.0-6.5 provides a window to assemble them together. The inherent functional groups in the yeast cell wall, including phosphomannan, mannan, glucan, proteins and dextran play a significant role in the fabrication of the raspberry-like structure of the composite, since the abundant hydrophilic anion groups including -NH -, -COO -, and -OPO 3 2- [34, 35] can accumulate more negative charges on the surface of the yeast [36] . Hereby, the positively charged Fe 3 O 4 nanoparticles can spontaneously attach with the negatively charged yeast, and gradually embed onto the external surface of the yeast, eventually forming the Fe 3 O 4 @yeast composite microspheres with a raspberry-like structure.
Fixed-bed column studies
The partially uncovered yeast surface of the raspberry-like Fe 3 O 4 @yeast microspheres drives the adsorption of water contaminants. The yeast surface is usually negatively charged (pH iep 3.3). As a consequence, positively charged water contaminants such as cationic dyes are readily sorbed. To demonstrate this effect, the sorption of MB from aqueous solution was investigated in a continuous, up-flow, fixed-bed adsorption/regeneration system. The breakthrough curves were defined by the ratio of effluent and influent MB concentrations (C t /C 0 ) versus time (t). The breakthrough time (t b , time to reach 1 mg/L MB in the effluent) and the bed exhaustion time or saturation time (t e , time to reach 99 % of the influent concentration in the effluent) were used to monitor the bed performance. To analyze the continuous flow, adsorption data included the evaluation of (a) the effluent volume V eff (mL) (Eq. 1); (b) the total loading of MB to the column q tot (mg) (Eq. 2) at a given flow rate and influent concentration; (c) the total amount of MB fed to the column m tot (mg) (Eq. 3); (d) the total percentage removal efficiency u of MB (Eq. 4); and (e) the equilibrium column loading q e (mg/g) (Eq. 5).
where F is the volumetric flow rate (mL/min), A is the area under the breakthrough curve, C ads (mg/L) is the adsorbed MB concentration and m is the amount of Fe 3 O 4 @yeast in the fixed bed (g).
Influence of influent dye concentration, flow rate, bed height and mass transfer
The breakthrough curves of MB for an influent dye concentration varying from 100 to 200 mg/L are shown in Fig. 4a . In these experiments, the flow rate, bed height, and pH were kept constant at 5 mL/min, 1.2 cm and 7, in order. The adsorption data and the parameters are also presented in Table 1 . The observed breakthrough curves followed the typical S-shaped profile. However, a near linear profile was observed when the influent MB concentration increased to 200 mg/L. The breakthrough and exhaustion times decreased with increasing influent dye concentration due to the faster rate of sorbent saturation. When C 0 increased from 100 to 200 mg/L, the equilibrium column loading (q e ) decreased from 400.5 to 191.1 mg/g (Table 1 ), which suggests mass transfer limitations. Consequently, the bed exhaustion is reached before the complete saturation of the adsorbent. Simultaneously, the percent removal of MB for the tested influent concentrations decreased from 59.3 to 54.6 %. The effect of flow rate ( Fig. 4b ; Table 1 ) was examined by varying it from 5 to 15 mL/min while C 0 , bed height and pH were kept constant at 100 mg/L, 1.2 cm, and 7, in order. The breakthrough curves became steeper and shifted towards shorter times as the flow rate increased, while the breakthrough time and the exhaustion time decreased from 24 to 9 min and from 135 to 35 min, respectively. Furthermore, q e and u decreased as the flow rate increased, suggesting a slow intraparticle adsorption kinetics compared with the column saturation dynamics. Lower flow rates and longer residence time of MB results in a more efficient diffusion process through the sorbent and therefore a higher equilibrium column loading.
The effect of bed height on MB removal ( Fig. 4c ; Table 1 ) was investigated at constant flow rate of 5 mL/min and 100 mg/L influent dye concentration. An increase of the breakthrough time, exhaustion time and percentage removal, was observed, when the bed height rose from 1.2 to 3.6 cm (loading of 0.1-0.3 g of Bed height, Z (cm) (C 0 = 100 mg/L, F = 5 mL/min, pH 7.0) Fe 3 O 4 @yeast) which results from the larger sorbent total mass. The significant reduction in the loading capacity observed with bed height was ascribed to an increase of pressure drop through the bed, which progressively decreases the rate of intraparticle diffusion. The equilibrium sorption capacity of the Fe 3 O 4 @yeast composite microspheres from batch recirculation experiments at C 0 equal to 100 mg/L and pH 7 was 403.2 mg/g, which suggest that MB mass transfer was negligible only at C 0 = 100 mg/L, Z = 1.2 cm and pH 7 ( Table 1) .
Influence of pH
In these experiments, the pH of MB solution fed to the bed was fixed at 3, 5, 7, 9, and 11, while C 0 , flow rate and bed height were kept constant at 100 mg/L, 5 mL/min, and 1.2 cm. The results ( Fig. 4d; Table 1 ) show that the adsorption capacity and dye removal rate increased with an increase of pH. Bed exhaustion occurred at 35, 60, 135, 255 and 355 min for pH of 3.0, 5.0, 7.0, 9.0 and 11.0. This phenomenon is governed by the electrostatic interaction between the dye and the surface charge of the adsorbent [37] . The adsorption of cationic dyes is favored at pH [ pH iep (pH iep = isoelectric point, e.g. on COO
-groups) and anionic dyes at pH \ pH iep (e.g. on Lewis-base-type basal plane sites) [38] . MB is a cationic dye, which exists in solution in the form of positively charged ions. The surface properties of the yeast cores (pH iep 3.3) and Fe 3 O 4 nanoparticles (pH iep 6.8) are also affected by pH. At pH 3, the surface charge of both yeast and Fe 3 O 4 is positive, and thus the abundance of H ? compete with the cationic MB molecules, reducing the adsorption capacity of the bed causing a rapid breakthrough. At pH 5, the yeast surface has negative and the Fe 3 O 4 nanoparticles have positive charge, which increases the adsorption of MB through the surface of the yeast resulting in a longer breakthrough time. At pH 7, 9 and 11, both yeast and Fe 3 O 4 have negative charges and the adsorption performance of the bed increases very rapidly has the pH increases. The maximum equilibrium column capacity (1221 mg/g) and MB removal efficiency (63.4 %) appear at pH 11, as also reported in other studies with other sorbents [39] .
Mathematical modeling of breakthrough curves
Thomas [40] and Yoon-Nelson [41] models were used to model the experimental breakthrough curves at different influent dye concentration, flow rate, bed height and pH. The linearized form of the Thomas model is widely used to describe column breakthrough data:
with C 0 and C t the influent and effluent dye concentrations (mg/L), k Th the Thomas rate constant (mL/min mg), q 0 the equilibrium adsorption capacity (mg/g), m the mass of the adsorbent (g), and F the solution flow rate (mL/min). The plots of 
with the adsorption capacity in the Yoon-Nelson model calculated from [42] :
with, k YN the Yoon-Nelson rate constant (min -1 ), s the time required for reaching 50 % adsorbate breakthrough (min) and other parameters as above. The parameters k YN and s are determined from the slope and intercept of the linear plots of ln[C t / (C 0-C t )] versus time (t). Table 2 summarizes the model parameters determined from fitting the Thomas and Yoon-Nelson models to the experimental data. The rate constant (k Th ) in Table 2 , which characterizes the rate of solute transfer from the solution to the surface of solid, increased with increasing influent dye concentration and flow rate and decreased with bed height and pH. These results support an increase of the importance of mass transfer limitations in the fixed bed as flow rate and dye concentration decreases and bed height and pH increases. The bed capacity q 0 (Fig. S3a in SI) . Here, it was observed that the theoretical column capacity predicted by the YoonNelson model was closer to the experimental data. In addition, the experimental s values and the theoretical s values from Yoon-Nelson model were in close agreement (Fig. S3b in SI) . The Thomas model neglects external mass transfer and internal diffusion and assumes second-order reversible adsorption kinetics without axial dispersion. Therefore, the Thomas model provided a closer fit only for the condition in which mass transfer could be considered negligible (Fig. S3a in SI and Table 1 ). In contrast, the Yoon-Nelson model is based on the assumption that the rate of decrease in the probability of biosorption for each adsorbate molecule is proportional to the probability of adsorbate adsorption and the probability of adsorbate breakthrough on the biosorbent. The parameters in this model are adjustable and can fit experimental data that may have also been affected by external mass transfer resistances, internal diffusion and axial dispersion. Consequently, the Yoon-Nelson model provided a closer fit of the experimental data within the range of experimental conditions.
Contaminant oxidation and sorbent regeneration
The magnetic property imparted by the supported Fe 3 O 4 on the yeast host is an important functionality. However, a more important functionality is the ability of Fe 3 O 4 to trigger the heterogeneous Fenton oxidation reaction, which oxidizes the adsorbed contaminants regenerating the sorbent. The performance of the fixed-bed was evaluated for three consecutive adsorption/regeneration cycles. The influent MB concentration, flow rate, bed height and pH were fixed at 100 mg/L, 5 mL/min, 1.2 cm and 7.
The column capacity decreased after each regeneration cycle although MB uptake and removal rate remained very high ( Table 3 ). The column bed exhibited equilibrium column loading capacities of over 273.5 mg/g dry beads and removal rate over 57.5 % in all three cycles. The reduction in column capacity should be attributed to the inability of the Fenton reaction to remove MB sorbed deeply into The spectra of the composite saturated with MB (trace b) displays new band peaks and some obvious red shift peaks in comparison to the fresh composite (trace a). The new bands peaks originated from the MB, particularly those at 1558, 1396, 1051, and 578 cm -1 , which correspond to the stretching vibrations of the aromatic ring, the C-C and C-S bonds, and the frame vibration of C-S-C [45] . The red shift peaks, such as the bands at 3292, 1641 and 1054 cm -1 , suggested the participation of -OH -, -COO -, and -OPO 3 2-groups in the adsorption reaction [46] . Notably, the bands associated with MB disappeared after the application of the Fenton-like reaction (trace c).
A schematic of the adsorption and in situ regeneration mechanisms of the Fe 3 O 4 @yeast composite microspheres is presented in Fig. S4b (SI) . The regeneration processes might be attributed to the synergistic effect, which works by integrating the biosorption properties of yeast with the catalytic oxidation properties of the supported Less catalyst is used, ÁOH scavenging reactions species in solution are minimized (e.g., carbonates and not targeted species) and also the reaction acts on a much higher pollutant load, which increases the contaminant removal rate (i.e., first order contaminant removal). In return, the regenerated surfaces of the yeast core can provide continuous adsorption sites for the biosorption of contaminants in repeated cycles.
Conclusion
In this study, we have investigated a new composite material, which integrates the biosorption features of yeast cells with the magnetic and catalytic properties of Fe 3 O 4 nanoparticles, for the effective removal and oxidative destruction of contaminants in water and wastewater. The raspberry-like Fe 3 O 4 @yeast composite microspheres, were fabricated via a simple electrostatic self-assembly approach using inexpensive and abundant raw materials. These composites exhibited a ferromagnetic property that allows them to be easily separated/recovered by use of an external magnetic field. The adsorption and regeneration performance by a Fenton-like reaction of the microspheres was investigated for the continuous removal of the cationic dye methylene blue in an up-flow packed column. The adsorption process was controlled by the electrostatic interactions between the adsorbent and the contaminant. The adsorbent is suitable for the adsorption of positively charged compounds at mildly acidic pH, neutral and alkaline pH, with the highest performance observed at alkaline pH. The raspberry-like Fe 3 O 4 @yeast composite material can be easily regenerated by applying a Fenton-like reaction and reused. Considering the facile method of fabrication of the composite from abundant and inexpensive raw materials, the easy recovery and separation in water, the superior adsorption performance, the simple and effective way of regeneration and the robustness of the adsorbent for consecutive adsorption/regeneration cycles, we conclude that the raspberry-like Fe 3 O 4 @yeast magnetic microsphere should be a promising and practical adsorbent for the removal and destruction of positively charged organic compounds in wastewater. 
